Most studies using X-chromosome inactivation patterns (XCIPs) to determine clonality in females have used polymorphic DNA loci, but interpretation may be complicated by the complexity of the differential methylation patterns necessary to distinguish active and inactive X-chromosomes. Recent description of polymorphisms within the transcribed region of three X-chromosome genes has enabled XCIP analysis of allele expression at the RNA level, which should circumvent this problem. We report here a quantitative RT-PCR assay for one of these loci, the iduronate-2-sulphatase (IDS) gene, using a mismatch primer to introduce a BclI cutting site in one of the alleles. DNA samples from 150 females were screened and 61 (41%) were found to be informative for the polymorphism. Reproducible results were obtained from clonal analysis of 56 RNA samples covering the complete spectrum of XCIP ratios. The values correlated closely with those obtained from the corresponding DNA samples analyzed using either PGK or HUM-ARA (r = 0.98) provided that the number of amplification cycles was limited to 25 to reduce heteroduplex formation. However, sample purity is of greater importance than in the DNA-based assays as contaminating red cells and platelets will still contain the relevant transcripts and could influence the result.
Introduction
Clonal analysis of cell populations is an important tool in the diagnosis of neoplastic disorders and the examination of disease progression. It has also been used for identification of the target cell of malignant transformation. Determination of the X chromosome inactivation pattern (XCIP) of cells from female subjects can be a useful means of determining clonality where a disease-specific marker, such as the Philadelphia chromosome is lacking. Early studies of XCIPs depended on the use of glucose-6-phosphate dehydrogenase (G6PD) isoenzyme analysis. 1 As this involves a protein product from a 'housekeeping gene' G6PD analysis can be performed on any cell type, including red cells and platelets which lack a nucleus. However, the application of this technique is limited as the polymorphism only reaches a useful frequency in populations of African ancestry. 2 Unfortunately, to date, no other suitable polymorphic proteins of widely expressed X-linked genes have been described.
Using DNA-based technologies, polymorphic markers have been identified at a number of X-linked loci which are present at sufficiently high frequency to permit clonal analysis in the majority of females. Initially this was carried out using Southern blotting of the restriction fragment length polymorphisms (RFLPs) in the phosphoglycerate kinase (PGK) and hypoxanthine phosphoribosyl transferase (HPRT) genes 3 number tandem repeat sequence (VNTR) in the DXS255 locus identified by the M27␤ probe. 4 In general this has been superseded by PCR analysis of either the PGK polymorphism 5 or the VNTR in the human androgen receptor (HUMARA) gene. 6 Discrimination between active and inactive X-chromosomes depends upon the differential methylation patterns observed between the two alleles which can be demonstrated by digestion with methylation-sensitive restriction enzymes such as HpaII and HhaI. 7 There are, however, a number of problems with these techniques. Firstly, methylation patterns at some loci are complex and require careful interpretation, particularly when using Southern blotting analysis of the HPRT and M27␤ loci. 3, 8 Furthermore, hypermethylation of both alleles has been described in leukemic blasts using the M27␤ and HUMARA loci. [9] [10] [11] Secondly, in the PCR-based technologies, preferential amplification of shorter alleles in the HUMARA analysis 11 or heteroduplex formation of mismatched alleles in the PGK analysis 5 can interfere with accurate quantification of results. This is an important consideration if subtle changes in XCIPs are to be determined, for example, with the detection of an emerging clone in the presence of a predominantly polyclonal population.
Recently several polymorphisms have been reported within the transcribed regions of X-linked housekeeping genes, thus enabling direct analysis of the relative expression of the two alleles and circumventing potential misinterpretation of complex methylation patterns. Single base substitutions have been described in three genes so far, G6PD (different from the A/A− variants in African populations), 12 iduronate-2-sulphatase (IDS), 13 and the palmitoylated membrane protein p55. 14 Several different methods of determining an XCIP have been reported, each initially employing reverse transcription of RNA. This may then be followed by either allele-specific oligonucleotide hybridization, 15 PCR using a mismatched primer to introduce a restriction digest site in one of the alleles, 16 or PCR plus the ligase detection reaction with specific primers to distinguish the two alleles. 14 The IDS gene encodes a lysosomal enzyme and has been implicated in the mucopolysaccharidosis disorder Hunter's syndrome, where abnormalities include point mutations, as well as large deletions. 13 There is a functionally silent C/T polymorphism at codon 146 and this has been used to determine monoclonality of a cell population. 16 However, quantitative comparison with results from DNA-based assays has not been reported. We have therefore used a quantitative clonality assay of this polymorphism with a mismatch PCR primer to introduce a BclI cutting site in T but not C alleles (Figure 1 ). DNA from 150 females was screened for heterozygosity at the IDS locus. Subsequently clonal analysis was performed on 56 RNA samples from 37 informative women and the values obtained were compared with results from DNA-based analysis using the PGK and/or HUMARA genes. Position of the PCR primers used in RNA or DNA analysis of the polymorphic IDS gene and sizes of the fragments produced after enzyme digestion. The 3Ј primer contains a mismatched nucleotide (underlined) which introduces a BclI cutting site in T-containing alleles but not C-containing alleles.
Materials and methods

Patients and sample preparation
Peripheral blood samples from a total of 67 females, either hematologically normal or with a hematological disorder, were sedimented with 10% dextran to reduce red cell contamination then the white cells were separated using standard density gradient centrifugation (Ficoll Hypaque; Pharmacia Biotech, Uppsala, Sweden). Any remaining red cells were removed from the neutrophil fraction by hypotonic lysis. T lymphocytes were purified from the mononuclear layer using anti-CD3 coated magnetic beads (Dynal, UK). Mononuclear cells were also prepared from peripheral blood or bone marrow from 83 females with acute myeloid leukemia (AML). To prepare platelets from one hematologically normal control, peripheral blood was centrifuged at 180 g for 15 min then the platelet-rich plasma removed and washed twice in calcium-, magnesium-free PBS containing 10 mm EDTA. DNA was prepared using the method of Gustincich et al 17 and RNA was prepared using Trizol (Gibco BRL, Paisley, UK).
Heterozygosity screening
DNA was screened for heterozygosity at the IDS locus by adding approximately 0.1 g DNA to a reaction mix containing 1 × Taq polymerase buffer (50 mm KCI, 10 mm Tris-HCI pH 9.0 and 0.1% Triton X-100), 2.25 mm MgCl 2 , 0.2 mm each dNTP (all from Promega, Madison, WI, USA) and 10 pmol each primer, in a total volume of 19 l. The primers were designed to amplify a fragment of 160 bp from DNA; the upstream 5Ј primer (5Ј-GCCCCAAAGAAGGGAGGGTCC-3Ј) is located in intron 3, the downstream 3Ј primer (5Ј-TGGAAAAGACCAGCTATACGGAGAATGATC-3Ј) is located in exon 4 18 and includes a nucleotide mismatch (underlined) which introduces a BclI digestion site in alleles containing T at the polymorphic position ( Figure 1 ). The mix was heated to 95°C for 5 min, held at 85°C whilst 1 l containing 0.5 unit Taq polymerase was added, then 35 cycles of 95°C for 30 s, 66°C for 30 s and 72°C for 30 s were performed, followed by a final extension at 72°C for 5 min. For enzyme digestion to distinguish the two alleles it was necessary to allow for the salt concentrations present in the PCR mix. Ten microliters of PCR product was therefore incubated overnight at 50°C with 1 l 10 × restriction buffer (500 mm Tris-HCl, 100 mm MgCl 2 , 1 m NaCl, 10 mm DTT), 3.1 l 25 mm MgCl 2 and 0.3 l BclI (10 units/l, New England Biolabs, Beverly, MA, USA) in a total volume of 20 l. The samples were then electrophoresed through 3% agarose in 1 × TBE and visualized by ethidium bromide staining under UV light. The size of alleles containing C would not be altered by the enzyme digestion (160 bp) but T-containing alleles would be reduced to 130 bp.
Determination of XCIP using DNA
HUMARA:
XCIP analysis of DNA samples using PCR of the HUMARA gene was carried out as previously reported.
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PGK:
Approximately 1 g DNA was digested with 5 units RsaI (Boehringer Mannheim, Lewes, UK) in a total volume of 10 l for 3 h at 37°C then split into 2 × 5 l aliquots. Nothing further was added to one aliquot and 5 units HpaII (Boehringer Mannheim) were added to the second aliquot. Both were incubated at 37°C for a further 3 h. A reaction mix containing 1 × Taq polymerase buffer, 0.2 mm each dNTP and 10 pmol each primer was then added to each digest (total volume 19 l). The primers, which amplify a 474 bp fragment from the PGK gene that includes both the BstXI polymorphism and one differentially methylated HpaII site, 5 were 5Ј-AGCTGGACGTTAAAGGGAAG-3Ј (upstream primer) and 5Ј-TGTGAGATGTGGGCCGTTTC-3Ј
(downstream primer). Digestion of PCR products reduces fragments containing the BstXI site to 432 bp. The mixture was incubated at 95°C for 5 min then held at 85°C whilst 1 l containing 32 P-labelledprimer plus Taq polymerase was added. Labelling of the upstream primer and addition of Taq polymerase were as given below. Twenty amplification cycles, each of 95°C for 30 s, 60°C for 30 s and 72°C for 30 s were performed followed by 5 min at 72°C. To separate the two alleles 3 l PCR product was digested with 2 units BstXI, 1 × enzyme buffer (50 mm Tris-HCl, 10 mm MgCl 2 100 mm NaCl, 1 mm DTT) in a total volume 10 l at 37°C for 4 h. Two l of the first aliquot and 4 l of the second HpaII-digested aliquot were mixed with 2 l loading buffer and electrophoresed on a 6% nondenaturing polyacrylamide gel. Gels were dried and exposed overnight to Hyperfilm-MP (Amersham). Autoradiographic signals were quantified by scanning densitometry and results expressed as the percentage intensity of the lower allele. The HpaII-digested signal was divided by the non-HpaII-digested signal for each allele and the relative ratio of the signals from the two alleles then calculated. Each sample was analyzed in duplicate and results expressed as the mean of the two results.
Determination of XCIP using RNA Reverse transcription:
Approximately 1 g RNA was incubated with 0.25 g oligo dT (Promega) in a total volume of 12 l at 65°C for 5 min then cooled at room temperature for 10 min. Reaction mix was added to give a final concentration of 1 × Taq polymerase buffer, 5.25 mm MgCl 2 , 1 mm each dNTP, 20 units RNase inhibitor and 5 units AMV reverse transcriptase (total volume 20 l) and the reaction incubated at 42°C for 60 min followed by 95°C for 5 min.
PCR:
Four l cDNA was added to 1 × Taq polymerase buffer, 1.2 mm MgCl 2 (final concentration 2.25 mm) and 10 pmol each primer in a total volume 19 l. The primers were designed to amplify a 148 bp fragment from RNA (nucleotides 445-592) 19 and were located in different exons to exclude interference from any contaminating DNA ( Figure  1 ): the 5Ј primer (5Ј-CTACTGGAGGGTGCACGCTGG-3Ј) is from exon 3 and the 3Ј primer is the same as the 3Ј DNA mismatch primer from exon 4. The mix was heated to 95°C for 5 min, held at 85°C, whilst 1 l of a mixture containing 1 unit Taq polymerase + end-labelled primer (see below) was added, then 25 cycles each of 95°C for 30 s, 66°C for 30 s, 72°C for 30 s was performed followed by a final extension at 72°C for 5 min.
Primer labelling:
To label the primer, 10 pmol of the RNA 5Ј primer was incubated at 37°C for 30 min in 10 l containing 3 l ␥-32 P-ATP (3000Ci/mmol, Amersham), 1 × kinase buffer and 10 units of polynucleotide kinase (Promega), then heated at 95°C for 3 min to inactivate the kinase. Taq polymerase (10 units) was added directly to the 10 l 32 P-labelled primer, dispersed thoroughly and 1 l of mix added to each PCR reaction.
Restriction enzyme digestion:
PCR product (5 l) was mixed with 1.5 l 10 × enzyme buffer (to maintain salt concentrations), 1.7 l 25 mm MgCl 2 (final concentration 10 mm), 0.5 l BclI (10 units/l) in a total volume of 20 l and incubated at 50°C for at least 5 h. Five l loading buffer (40% sucrose, 0.05% bromophenol blue, 1 × TBE) was added and the total sample loaded on to a non-denaturing 10% polyacrylamide gel (10 × 8 cm, crosslinker ratio 19:1, 1 × TBE) and electrophoresed at 150 V for approximately 90 min. The gel was dried and exposed overnight to Hyperfilm-MP (Amersham). Autoradiographic signals were quantified by scanning densitometry (Hoefer Instruments, San Francisco, CA, USA) and reported as the percentage expression of the lower (T) allele. Each sample was analyzed in duplicate and results expressed as a mean of the two values.
Number of amplification cycles
In order to identify the appropriate number of cycles to use in the PCR reaction, PCR was performed on 4 l cDNA using 20, 25, 30 or 35 cycles, then 5 l of the product was digested in a total volume of 20 l and electrophoresed as described above.
Comparison of transcript levels from different hemopoietic cell lineages
In order to compare the level of transcript expression from different hemopoietic cells, RNA was prepared from T cells (7 × 10 6 total), neutrophils (70 × 10 6
) and platelets (700 × 10 6 ) purified from one hematologically normal individual and dissolved in 30 l water. Five l were used in a reverse transcription and 4 l in a radioactive PCR for 25 cycles as described above. Varying amounts of each PCR product (8, 4, 2 and 1 l) were loaded on a 10% non-denaturing polyacrylamide gel without further digestion and processed as before.
Results
Heterozygosity screening
Genomic DNA samples from a total of 150 females were screened for the IDS polymorphism. Nearly half of the individuals screened (72, 48%) were homozygous for the C-containing allele and 17 (11%) were homozygous for the T allele. The remaining 61 females (41%) were heterozygous for the polymorphism.
Number of PCR cycles
PCR amplification was performed for 20, 25, 30 or 35 cycles on three different cDNA samples which were then digested with BclI. After 20 cycles the signals obtained using the conditions described above were sometimes too weak to quantify easily. Using 25 cycles a product was consistently visible and the results obtained were comparable to those from DNA analyses; the % lower allele in RNA and DNA analyses for these three samples being 58 and 59%, 51 and 51%, 62 and 65%, respectively. In two of the samples the results obtained using both 30 and 35 cycles were within 20% difference of the values obtained at 25 cycles, our limit of technical variation, ie 59, 58, 55% and 51, 56, 55% for 25, 30, 35 cycles respectively. However analysis of one of the samples revealed a progressive increase in the upper uncut allele, ie values obtained for the lower allele were 62, 52, 34% for 25, 30, 35 cycles, respectively. The value for the DNA analysis in this individual was 65%. This increase in the upper uncut allele was probably due to heteroduplex formation. Twenty-five cycles of amplification were therefore used in all subsequent analyses.
Determination of XCIPs using RT-PCR analysis of the IDS gene
Determination of XCIPs was performed on 56 RNA samples from 37 informative females who were also known to be heterozygous for the PGK and/or the HUMARA gene. The RNA used was prepared from T cells (n = 19), neutrophils (n = 21) or leukemic blasts (n = 16). Quantifiable and reproducible results were obtained from all samples analyzed and typical results are shown in Figure 2 . Although a slightly larger singlet/doublet was often observed, this was not due to amplification from contaminating DNA as the intron between exons 3 and 4 is about 2.6 kb but may result from mispriming of the 5Ј primer approximately 150 bp upstream of the targeted site. These bands were always present at a low level which did not interfere with quantification. The median difference between duplicate analyses was 2%, mean 2% and range 0-9%. This is similar to previously reported technical variation for the DNAbased HUMARA technique using HpaII digestion (median 3%, mean 4%, range 0-17%).
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Comparison of IDS XCIPs with HUMARA and PGK results
Clonal analysis of the HUMARA and/or PGK genes was carried out on DNA samples corresponding to the 56 RNA samples analyzed using the IDS assay. Typical results are shown in Figure 2 . There was close correlation between values obtained using the IDS analysis and either of the DNA based assays, r = 0.98 ( Figure 3 ). The median difference between the mean results obtained for each sample using the two assays was 4%, mean 5% and range 0-18%, and this is similar to the limit of technical variation observed for duplicate analyses of a single sample using either DNA or RNA analysis. In nine samples clonal analysis was performed using all three techniques (IDS, PGK and HUMARA); these results correlated closely and are shown in Table 1 .
Comparison of transcript levels from different hemopoietic cell lineages
RT-PCR products from varying numbers of T cells, neutrophils and platelets from one individual were electrophoresed and the signals quantified by scanning densitometry (Figure 4) . When the levels of expression in these samples were compared with the number of cells used to obtain the signal, the
Figure 2
Representative X-chromosome inactivation patterns obtained using the IDS, HUMARA and PGK assays in five different individuals. transcripts from one T cell were approximately equivalent to those from six neutrophils or 800 platelets.
Discussion
Analysis of XCIPs to determine the clonality status of cell populations is widely used in the study of hematological disorders. Most studies have analyzed DNA samples, but the recent description of nucleotide polymorphisms within the coding sequence of X-linked housekeeping genes has enabled direct comparison of expression of the two alleles in RNA samples. This has several advantages over methods based upon genomic DNA. The latter techniques differentiate active from inactive X-chromosomes by their methylation patterns, which must therefore be clear-cut, stable and unaffected by transformation to a malignant disorder. However, at some loci the patterns obtained are complex due to variable methylation sites which are revealed by the fragment size after restriction enzyme digestion. 3, 8 Both hyper-and hypomethylation have been documented in tumor samples, including DNA from leukemic blasts. 8, 9, 11 Analysis of RNA is unlikely to be influenced by these factors. Moreover, unlike DNA analysis, it is not necessary for the differentially methylated and polymorphic sites to lie sufficiently close together to be amenable to PCR analysis, ie within approximately 1 kb of each other. Primers can be designed to cover an exon-intron boundary so that any DNA contaminating the RNA sample will either yield no product or a larger-sized fragment which will not interfere with the results.
We have therefore developed a quantitative method to determine XCIPs using RNA analysis of a functionally silent C/T polymorphism within the IDS gene. 13 The two alleles are distinguished by the inclusion of a mismatch nucleotide in one of the primers which introduces a cutting site for the restriction enzyme BclI in T-containing alleles. Screening of 150 DNA samples revealed that 41% were heterozygous for this polymorphism and therefore suitable for further analysis. A similar mismatch method using a different enzyme has been described but quantitative comparison with DNA results were not reported. 16 Using the RT-PCR assay with a radiolabelled primer to enable quantification, reproducible clonal analysis results were obtained from 56 RNA samples with XCIPs covering the complete spectrum of ratios from balanced to extremely imbalanced, and they correlated well with DNA results from the same individuals (Figure 3 ).
There are a number of concerns relating to a quantitative technique which requires restriction enzyme digestion, particularly if this comes after PCR amplification. Firstly, it is necessary to ensure that there is complete enzyme digestion so that the relative proportion of uncut (C-containing) alleles is not artefactually increased. This can be controlled by always including in the assay either a homozygous T sample, or, preferably, a heterozygote with a known imbalanced XCIP with expression of the T-containing allele only, ie 100:0%. In this respect it was advantageous that the enzyme used (BclI) required a buffer with a high magnesium and sodium concentration which could therefore accommodate the salt carried over from the PCR reaction. We also tested a mismatch primer which introduced a cutting site for the restriction enzyme MspI, but because this works most efficiently in a buffer with low salt concentration, digestion of the PCR product was often incomplete due to enzyme inhibition. This could make an imbalanced (potentially clonal) pattern appear balanced if the major transcript expressed contained the enzyme digestion site. A second disadvantage is the formation of heteroduplexes which contain a strand from a C-containing allele annealed to a strand from a T-containing allele. These heteroduplexes form during the final annealing step of the PCR reaction and will not be digested by BclI. This problem was demonstrated in analysis of the PGK gene where PCR and restriction digestion of DNA from heterozygotes often gave a ratio of 75%:25% for the undigested and digested products respectively, although the relative proportion of the two alleles in the DNA had to be 50%:50%. 5 The imbalance was particularly evident if the primers and nucleotides became limiting in the reaction. In the analysis of DNA this can be corrected for as the quantification relies on comparing two PCR products from the same sample, one without methylation-sensitive enzyme digestion (which should be 50%:50% for the two alleles) and one with methylation-sensitive enzyme digestion (which reflects the relative expression of the two alleles). In RNA analysis, however, there is only one aliquot per sample, with nothing equivalent to the DNA aliquot amplified without methylation-sensitive enzyme digestion which can be used for comparative purposes. It is important therefore to minimize this effect and it was achieved by limiting the number of amplification cycles to 25. Further reduction to 20 cycles often meant that the signal was too weak to quantify accurately, whereas with 35 cycles comparison with the DNA results indicated that the relative proportion of the uncut allele was sometimes increased. Ideally to control for this, a sample with a known, balanced ratio should always be included in any run. In order to maintain sensitivity with such a low number of cycles and quantify the PCR products, labelling of the primer was necessary. We used a radiolabel, but there are alternatives such as fluorescent-labelled primers. Similarly, to maintain specificity of the reaction a 'hot start' step was included at the beginning of the PCR; again there are a number of alternatives such as wax beads or inclusion of an antibody to the Taq polymerase.
An advantage of RNA analysis is that, provided the relevant gene is expressed, RNA isolated from cells lacking a nucleus such as red cell reticulocytes and platelets can be analyzed, thus permitting investigation of their clonal origin. However, it should be noted that these analyses therefore require greater attention to sample purity. In hematological samples, for example, red cells contaminating neutrophil preparations or platelets present in T lymphocyte preparations, will not interfere with DNA-based analysis but will influence RNA results as the transcript will still be present in these cells. In clonal disorders where lineage restriction may be an issue this is especially important, for example, in cell preparations from a patient with essential thrombocythemia, clumps of platelets were evident in cytospins of the T cells, invalidating the latter result. Furthermore, the level of transcript expression does vary according to the cell type; on a per cell basis the greatest level was obtained from T cells (Figure 4) . Using RNA analysis, T cell contamination of neutrophils may therefore have far greater effect on the XCIP results than in DNA analysis of the same samples.
RT-PCR analysis of the IDS gene using a mismatch primer therefore provides a rapid method to obtain quantifiable and reproducible XCIP ratios from RNA samples. At present two other polymorphic genes have been reported, G6PD
12 and p55, 14 and similar methods can be applied to them. In our study of 150 females, 47 (31%) were uninformative for any of these three loci, but as new polymorphic loci are described, this type of analysis should become available for most females. Nevertheless, because of the technical problems associated with any method for determining an XCIP, wherever possible it is advisable to analyze a sample using more than one technique.
